Metal fluoride and oxides can store multiple lithium-ions through conversion chemistry to enable high energy-density lithium-ion batteries. However, their practical applications have been hindered by an unusually large voltage hysteresis between charge and discharge voltage-profiles and the consequent low energy efficiency (< 80%). The physical origins of such hysteresis are rarely studied and poorly understood. Here we employ in situ X-ray absorption spectroscopy (XAS), transmission electron microscopy (TEM), density-functional-theory (DFT) calculations, 2 and galvanostatic intermittent titration technique (GITT) to first correlate the voltage profile of iron fluoride (FeF 3 ), a representative conversion electrode material, with evolution and spatial distribution of intermediate phases in the electrode. The results reveal that, contrary to conventional belief, the phase evolution in the electrode is symmetrical during discharge and charge. However, the spatial evolution of the electrochemically active phases, which is controlled by reaction kinetics, is different. We further propose that the voltage hysteresis in the FeF 3 electrode is kinetic in nature. It is the result of Ohmic voltage drop, reaction overpotential, and different spatial distributions of electrochemically-active phases (i.e. compositional inhomogeneity). Therefore, the large hysteresis can be expected to be mitigated by rational design and optimization of material microstructure and electrode architecture to improve the energy efficiency of lithium-ion batteries based on conversion chemistry.
INTRODUCTION
Lithium-ion battery (LIB) technology has revolutionized portable electronics and been considered a promising solution for future large-scale energy applications. O 2 , and graphite. 3 Despite good rate capability and long cycle-life, the energy density achievable with intercalation (500−600 Wh kg − 1 active material ) is inherently limited by the number of interstitial sites in the host lattice (typically < 1 per formula). 1 New battery materials and/or new chemistries with higher specific energy densities are clearly desirable. 1, [3] [4] [5] 3
The discovery of reversible multiple-lithium storage in metal fluorides/oxides in the early 2000s opens up promising opportunities for high energy-density storage that does not necessarily depend on available interstitial sites. [6] [7] [8] [9] [10] [11] Instead, it is realized through a heterogeneous conversion reaction (MF x + xLi + + xe − = M + xLiF or M x O y + 2yLi + + 2ye − = xM + yLi 2 O). The last decade has witnessed tremendous advances in preparation of nanostructured conversion electrode materials that exhibit high specific energy densities (and power capability). 4 However, their practical applications have been deterred by an unusually large voltage hysteresis (voltage gap) between discharge and charge steps. Similar hysteresis has also been observed in other high energy-density battery chemistries such as Li-O 2 and Li-sulfur (S). This hysteresis of conversion electrode materials range from several hundred mV to ~2 V, 4 comparable to that of a Li-O 2 battery 5 but much higher than that of a Li-S battery (200−300 mV) 5 or a typical intercalation electrode material (several tens mV) 12 at similar rates. It leads to a high degree of round-trip energy inefficiency (< 80% energy efficiency) that is unacceptable in practical applications. To overcome this challenge, it is necessary to understand its physical origins, which have remained elusive, as most work has focused on material synthesis and electrochemical testing 4 .
Iron fluorides (FeF 3 and FeF 2 ) are among the most studied conversion electrode materials due to their very high specific energy densities (> 1000 Wh kg − 1 ) and better reversibility as compared with other fluorides (such as CuF 2 ), especially after nanostructuring and/or mixing with conductive carbon. [9] [10] [11] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Notably, FeF 3 is one of the very few conversion electrode materials 27, 28 whose voltage hysteresis has been previously studied, by either density functional theory calculations within the generalized gradient approximation (DFT-GGA) 14 or electrochemical measurements. 19, 20 The current belief is that a large portion of the voltage hysteresis originates from the asymmetric reaction pathways during discharge and charge and 4 consequently the existence of different intermediate phases results in the large split in electrochemical potential. 14, 19, 20 14 However, the understanding of the reaction pathways is not fully justified by ex situ solid nuclear-magnetic resonance (NMR), 15 pair distribution function analysis (PDF), 15 transmission electron microscopy (TEM), 13 in situ X-ray absorption spectroscopy, 25 and in situ X-ray spectroimaging experiments, 26 all of which suggest respectively). These discrepancies in reaction pathways have constrained the understanding of voltage hysteresis and therefore need to be reconciled through systematic and definitive studies into both thermodynamic and kinetic aspects of the reaction mechanism.
Here we use in situ synchrotron X-ray absorption spectroscopy (XAS) to track changes in Fe oxidation states and local bonding structure during cycling of three iron fluoride model samples, NWs for the first time via thermal reduction of FeF 3 NWs using a small amount of glucose at 450 °C under flowing argon (see Methods for synthetic details; see morphology in Figure S1a -c).
The phase identities of these samples are confirmed using powder X-ray diffraction (PXRD, Figure S1d ). Further TEM characterization reveals that all of these wire samples are polycrystalline and made of attached particle domains ( Figure S2 ). We chose these materials as the model samples because of their higher electrochemical activity at room temperature compared with other iron fluoride samples. 11, 15, 16 They can all reach near theoretical capacity at a moderate current rate ( Figure S3 ), which is critical for finishing the in situ experiments in a reasonable amount of beam time and collecting useful mechanistic information.
In Situ XAS on an FeF 2 electrode
We first studied the reaction mechanism of an FeF 2 electrode using in situ XAS as a After the constant-current charging step, a constant-voltage charging step was applied at 4.2 V until the current dropped to ~C/50. Fe K-edge XAS spectra were collected every 18 min during the electrochemical cycling so that the change in average states of lithiation (x Li ) was +0.05 per spectrum during discharge and −0.1 per spectrum during charge (see x Li for each spectrum in Table S1 ). The change in Fe oxidation state and local bonding structure were monitored, respectively, by X-ray absorption near-edge structure (XANES, Figure 1b ) and extended X-ray absorption fine-structure spectroscopy (EXAFS, Figure 1c ). During discharge (x Li = 0→1.99 Li per FeF 2 , region I in Figure 1 ), we observed that the absorption edge of the XANES spectra gradually shifted toward lower energies, the white line intensity concurrently decreased, and an isosbestic point is shared by all the spectra (indicated by the arrow), indicating a two-phase conversion reaction FeF 2 + 2Li + + 2e
Accordingly, in the EXAFS patterns, the intensity of FeF 2 -related peaks gradually decreases (marked with "−") as the intensity of Fe-related peaks increases (marked with "+" Figure S6a and fitting parameters in Table S1 ) to estimate the relative mole fraction of different Fe oxidations states ( Figure S7 ). The results reveal that the electrode was charged back to a multiple phase mixture containing Fe, Fe 2+ , and Fe 3+ , not the pure rutile FeF 2 phase.
In Situ XAS and TEM on FeF 3 electrodes
Next, we studied the reaction mechanism of an FeF 3 NW electrode. An Li/FeF 3 battery was discharged at a current of C/10 (1 C = 712 mA g Figure S8 ). We further carried out EXAFS fitting and found out that the first set of data collected after discharge region I (x Li = 0.79) could be best modeled using the scattering paths generated from rutile FeF 2 (see fitting results in Figure S9 and Table S2 ). We performed LCA (See fitting examples in Figure S6b and fitting parameters in Table S3) to estimate the relative mole fraction of different Fe oxidation states (Figure 2e) MWs for comparison ( Figure S12 ), which consist of larger particle domains than the NWs Figure S13 and Table S4 ). We also note that the energy density of the Li- Additionally, we compared the electrochemical capacity with the capacity estimated from the LCA fittings for the FeF 2 and FeF 3 NW electrode and found reasonable matches ( Figure   S15 ). These results suggest that electrolyte decomposition (or any other non-metal-center side reactions) does not contribute significantly to the observed discharge capacity in the iron fluoride conversion electrodes studied in this work (when low cut-off voltage ≥ 1 V is used). This reaction behavior is different from metal oxide conversion electrodes that are discharged to lower voltages (< 1 V), 28, [30] [31] [32] [33] in which additional capacity was often observed.
During charge of the Figure 1 ). EXAFS fitting was also performed and the data could be best modeled using scattering paths generated from rutile FeF 2 and Fe ( Figure S16 ). (Figure 2c ) in R value. Therefore, we suggest that some trirutile Li 0.5 FeF 3 may exist at the end of the charge process.
DFT calculations and reaction pathway of FeF 3 electrodes
To corroborate the experimental findings, we performed a detailed multicomponent phase analysis using DFT calculations of materials in the Li-Fe-F ternary system. The DFT calculations were performed using GGA, GGA+U, and hybrid HSE functionals 34 , which have been shown to more accurately reproduce experimental formation energies and Li insertion voltages for transition metal-containing compounds than GGA. 35, 36 The Li-Fe-F phase diagrams calculated using GGA and GGA+U are shown in Figure S17 and S18, respectively. The results are consistent with those previously reported (GGA, 14, 17 GGA+U 29 ). The HSE phase diagram shown in Figure 3a is very similar to the GGA+U diagram ( Figure S18 ), with the exception that Li 0.25 FeF 3 is not stable from GGA+U. As HSE is a somewhat more general method than GGA+U (due to GGA+U generally requiring a fitted U for every transition metal), we chose to include and discuss our HSE results in the main text, and provide our GGA+U (and GGA) results in the Supporting Information section for comparative purposes. In all the phase diagrams presented in this work (Figure 3a , S17, and S18), the red dots represent stable phases, the black dots represent materials that were predicted to be unstable, and the purple dots are important composition points where no lithiated FeF 2 or FeF 3 materials were calculated due to an insufficient number of interstitial sites for Li insertion. 29 Figure 3c shows the DFT lithiation voltages. Since they are representative of equilibrium voltages, in which case no polarization or overpotential is included, they are higher than those experimentally observed when a current was applied (Figure 1a and 2a) . When the experimental battery is allowed to relax to approach equilibrium conditions, its voltages should become closer to the DFT calculated values. This trend is indeed seen from the GITT measurements after relaxation, which is discussed in more detail below.
Combining the results from the in situ XAS, TEM, and HSE-DFT calculations, we can now propose complete and consistent reaction pathways for FeF 3 better seen in surface contour plots of XANES and EXAFS in Figure S19 ). We note that kinetic limitations can cause one reaction not proceed completely over the entire particle domain before the subsequent one being forced to initiate in the pre-reacted region under galvanostatic condition, causing compositional inhomogeneity and less symmetrical phase evolution profile (FeF 3 MWs vs NWs, Figure S13 vs Figure 2e ). This new proposed understanding is clearly different from the one proposed previously based on DFT-GGA calculations, 14 
GITT analysis
To better understand the possible causes of the hysteresis, we performed GITT experiments on the FeF 3 NW and MW electrodes (Figure 4a ). The cells were allowed to relax for 4 h after every 1 h discharging/charging at 50 mA g − 1 . The GITT profiles are also divided into four regions based on the understanding of phase evolution in the FeF 3 NW and MW electrodes. Figure 4b provides a close-up view of the GITT process. In the discharge half-cycle (red curve),
as soon as the current is removed, the voltage first suddenly increases a small amount, and then gradually increases as the electrode approaches equilibrium condition. 37 The opposite occurs in the charge half-cycle (blue curve in Figure 4b ). We found that the voltage after the 4 h relaxation (V relax , black dashed lines in Figure 4a ) correlates with the composition of the electrodes inferred from the in situ XAS results. For example, since the Fe 3+ F 3 phase in the MW electrode is reacted more slowly than that in the NW electrode during discharge, V relax observed in the MW electrode is higher initially (black dashed lines in Figure 4a ). As the Fe 3+ F 3 phase is consumed, the two V relax curves of the MW and NW electrodes become more comparable. Similar analysis based on reaction homogeneity can be made for the charging process. Figure 4d shows the remaining voltage difference at the same state of lithiation between charge and discharge steps after the 4 h relaxation (V gap ) for both the MW and NW electrodes. V gap can become slightly smaller based on its changing trend if the relaxation time is further increased.
However, it did not become zero after 24 h relaxation in a separate experiment. In addition, It 
DISCUSSION

Proposed Origins of voltage hysteresis in FeF 3 conversion electrodes
By integrating all experimental and theoretical simulation results, we can identify the following components from the GITT that contribute to the voltage hysteresis observed at nonzero current (see Figure 4b ). The first one is the iR voltage drop, which is the sudden voltage jump after the current is removed and typically < 100 mV in our measurements. The second component is the reaction overpotential (η) that is required to nucleate and grow new phases, drive mass transport, and overcome the interfacial penalty for making nanophases. This overpotential is manifested in the voltage plummet when the current is applied and the spike when the current is removed. However, its magnitude is not straightforward to quantify using the GITT results, because the active particles undergo phase transformations and cannot achieve a truly homogeneous composition over the entire particle simply through Li + diffusion during the relaxation. Reverse-step potentiostatic intermittent titration technique (PITT) may be a more suitable approach to provide the quantitative evaluation, according to which the overpotential is 300 mV for the conversion reaction (reduction of intermediate product phases, 38 but approaches zero in the Li-oxygen system because there is only Li 2 O 2.
39
These new understandings suggest strategies to minimize the voltage hysteresis, which is important for improving the battery energy efficiency. One straightforward approach is constructing a composite electrode consisting of nanostructured active particles whose size must be comparable to the length scale of the conversion reaction (< 10 nm for FeF 3 ) and directly connected to electrically conductive scaffolds. A promising example could be embedding active materials between graphene layers to make a graphite intercalation compound (GIC). 40 This is expected to minimize the voltage hysteresis caused by compositional inhomogeneity as well as the iR drop. However, sufficient amount of active materials needs to be embedded so that the overall volumetric energy density is not severely compromised. Another approach that deserves further exploration is incorporating another cation or anion into the lattice (similar to the function of a "catalyst") to create a more disordered microstructure and improve ionic and electrical transport properties so that the reaction overpotential can be reduced. It is proposed that this approach can achieve higher energy density than the first one because no additional inactive components are introduced. As an example, the ternary fluoride In situ X-ray Absorption Spectroscopy (XAS). In situ X-ray absorption spectra were collected at beamline X18A, NSLS, BNL, using a perforated 2032-type coin cell with holes on both sides sealed by Kapton tapes. The electrodes were made of 70 wt% active material, 20 wt% carbon black and 10 wt% binder and coated on aluminum foil (25 µm thickness). The measurements were performed in transmission mode using a Si (111) double-crystal monochromator, which was detuned to ~35% of its original maximum intensity to eliminate the high order harmonics in the beam. A reference X-ray absorption spectrum of metallic Fe (K-edge 7112 eV) was simultaneously collected using a standard Fe foil. Energy calibration was done using the first inflection point of the Fe K-edge spectrum as the reference point. The X-ray absorption data were processed and analyzed using IFEFFIT-Athena, Artemis, and Atoms. Standard reference spectra from FeF 3 , FeF 2 , and Fe powders were collected to carry out spectrum fitting and estimate the ratio between different Fe oxidation states.
In situ TEM experiments. In-situ STEM images, ED patterns were recorded at 200 kV in a JEOL2100F microscope. The in situ nano-battery consists of a copper half-grid (current collector), FeF 3 NWs supported on the amorphous carbon film (cathode) and Li metal (anode) was fabricated in an argon-filled glove box and transferred into the TEM chamber by using an argon-filled plastic bag. A thin passivation layer of LiN x O y on the surface of the Li that formed due to brief exposure to air before transferring to the TEM chamber, acted as the solid electrolyte. The biasing probe was connected to the carbon membrane and the reaction was initiated by applying a negative bias typically at a value of 2 V.
Computational methods. All calculations were performed using Density Functional Theory (DFT) with the Vienna ab initio simulation package (VASP) 45 
